Computational Fluid Dynamics (CFD) is an important and extensively used tool for aerodynamic development in the vehicle industry today. As manufacturers wish to substitute physical tests on prototype vehicles with virtual simulations, validation of the virtual methods by comparison to wind tunnel experiments is a must. A proper validation can only be performed if the wind tunnel geometry with representative boundary conditions is included in the numerical simulation and if the flow is well predicted for the empty wind tunnel. One of the important flow parameters to predict is the longitudinal pressure distribution in the test section, which is dependent on both the wind tunnel geometry and the settings of the boundary layer control systems. This work investigates the effects of inlet angularity and different boundary layer control systems, namely basic scoop suction, distributed suction and moving belts, on the longitudinal pressure distribution in the Volvo Cars full scale aerodynamic wind tunnel using CFD and a systematic design of experiments approach. The study shows that the different suction systems used to reduce boundary layer thickness upstream of the vehicle have statistically significant effects on the longitudinal pressure distribution in the test section. However, the estimated drag difference induced on a typical vehicle by the difference in horizontal buoyancy between the tested settings is within the test-to-test accuracy of the physical wind tunnel, leading to the conclusion that force calculations in simulations are fairly insensitive to the tested parameters on the intervals investigated.
Introduction
Computational Fluid Dynamics (CFD) methods for evaluation of the aerodynamic properties of road vehicles are valuable tools in the vehicle industry today, and are becoming even more important as manufacturers strive to substitute physical prototype testing with virtual methods in order to reduce lead time. It is therefore important to be able to validate the simulation results obtained from CFD, by for example comparison with wind tunnel experiments. Traditionally, virtual aerodynamic simulations of road vehicles try to mimic open road conditions similar to what the vehicle encounters driving in still air. A perfect wind tunnel would also mimic these conditions if a correct ground representation and negligible blockage effects where possible to achieve. However, all full scale automotive wind tunnels suffer to some extent from blockage effects and less than ideal ground representation.
Due to the different boundary conditions between open road CFD and wind tunnel testing, a comparison of results from the two methods does not allow for distinguishing shortcomings in the numerical approach, including geometric representation of the test object, from wind tunnel interference effects. In order to be able to make such distinction, the physical test conditions, including the wind tunnel geometry, should be replicated in the simulations. This was done, for example, by Cyr et al. [1] , who were able to accurately reproduce results from a 3/4 open jet model scale wind tunnel by including the geometry of the test section and the boundary layer control systems (BLCS) in the CFD simulations. Nayani et al. [2] simulated the flow in the high speed leg of a closed wall aeronautic wind tunnel and investigated the difference between the geometry "as designed" (construction drawings) and "as built" (point cloud from laser scanning). They found that the flow predicted for the two geometries generally agreed well, with some differences for the flow angularity near the corners of the test section. The full circuit of the same tunnel was simulated in a different work of Nayani et al. [3] . The results showed that by including the return leg with fan and corner guide vanes, some major non-uniformities known to be present in that particular configuration of the wind tunnel could be predicted. They concluded that simulating the full circuit might be useful to understand shortcomings in the flow in the circuit, but that the modeling of the fan and the anti-turbulence devices was troublesome and needed additional work.
The wind tunnel studied in this work is the Volvo Cars aerodynamic slotted wall wind tunnel (PVT), which was previously investigated numerically by Olander [4] and Wall [5] . They observed some discrepancies between the simulated and physically measured flow fields, and hypothesized that the dissemblance might be due to upstream anomalies and uncertainties in the modeling of the boundary layer control systems. One of the observed discrepancies was the longitudinal pressure distribution, which is an important test section flow quantity to match to the physical wind tunnel in order to be able to predict correct drag values in the CFD simulations. This is since even a relatively small pressure difference imposed by the tunnel between the positions of the front and rear of the tested vehicle can have a significant impact on the measured † This paper was recommended for publication in revised form by Associate Editor -drag through horizontal buoyancy effects, as noted by Waudby-Smith and Rainbird [6] .
The aim of the present work is to investigate the impact of the BLCS and, to some extent, upstream anomalies on the longitudinal pressure distribution in the test section using CFD and a design of experiments approach. Instead of simulating the full circuit of the tunnel, flow angularity originating from upstream sources is introduced as an angled inflow boundary condition, and the rather complex BLCS is modeled using mass flow-and moving wall boundary conditions as described in section 3.1.
Wind tunnel
As mentioned, the wind tunnel considered in the present work is the Volvo Car Corporation full scale aerodynamic wind tunnel (PVT) located in Gothenburg, Sweden. The physical wind tunnel and its numerical representation are discussed in the following sections.
Physical wind tunnel
The Volvo Cars aerodynamic wind tunnel is of closed return Göttingen-type, with a slotted wall test section of 27.06 m 2 cross section area, and is equipped with a moving ground boundary layer control system as described by Sternéus et al. [7] . This system, outlined in Fig. 1 , consists of a basic suction scoop, two distributed suction zones, five moving belts, and five tangential blowers. Of the five moving belts, four are wheel drive units that are placed under each wheel of the test vehicle to drive the wheel rotation during tests. The fifth belt runs under the length of the vehicle and provides the correct relative movement between the vehicle and the simulated road.
The basic suction scoop is mounted at the upstream end of the test section floor, and removes the boundary layer created along the floor of the settling chamber and contraction. The air removed by the scoop is reinjected into the wind tunnel in the plenum above the slotted test section roof. After the scoop is the first distributed suction system preventing a buildup of a new boundary layer by suction through a perforated floor with an open area ratio of 8.9%. This system extends from just downstream of the scoop to the upstream edge of the turntable. A similar second distributed suction is mounted on the turntable, with an open area ratio of 4.5%. Most of the air removed by the two distributed systems is reinjected into the plenum outside the slotted walls.
However, some of the air removed by the second distributed suction system is used by the tangential blowing devices mounted behind each of the moving belts. Each blower consists of a thin slot that blows a high speed jet of air parallel to the floor in order to refill the momentum deficit in the boundary layer building up on the static floor downstream of the belt.
Numerical wind tunnel
The numerical representation of the wind tunnel geometry can be seen in Fig. 2 , and consists of the settling chamber, contraction, slotted walls test section, and diffuser. An extension is added aft the diffuser in order to reduce the influence from the outlet condition on the test section flow. This is the same geometry previously used by Olander [4] and Wall [5] , with some minor additions of missing parts in the scoop geometry. The geometry of the test section is believed to be representative of the real tunnel. However, all details in the plenum outside of the slotted walls are not included since they are not expected to have an effect on the results of this study.
Based on the conclusions drawn by Nayani et al. [3] , it is decided not to include the full circuit in the simulations. This both simplifies the complexity of the computational model and reduces the computational cost.
Methodology
The methodologies used in the present work are described in this section, beginning with the computational method, followed by a description of the design of experiments and data sampling approaches used. A description of the performed mesh resolution study is also included.
Computational method
Simulations are performed in STAR-CCM, using the steady-state realizable k−ε turbulence model. Due to the fact that the design of experiments approach requires a substantial number of simulations, the turbulence model is chosen with respect to its relatively low computational cost. The flow field in the empty test section is expected to be suitable for a twoequation model such as realizable k−ε, with mostly attached flow and with no strong curvature effects. The mesh used is a trimmed cell mesh consisting of 186 million volumetric cells with 10 prism layers on the wall surfaces. The first cell height is 2 mm, which results in y + -values of between 50 and 130 on the test section walls. The results of a mesh resolution study to ensure mesh independence are reported in section 3.4.
The inlet is specified as a mass flow inlet, with the mass flow adjusted such that the air velocity 1.2 m above the turn table center is 140 km/h, which is the standard speed for aerodynamic testing in the facility. This location is chosen to Fig. 1 . Wind tunnel floor layout with boundary layer control systems. Adapted from [7] . coincide with the position for which the flow speed is calibrated in the physical wind tunnel. The inlet turbulence intensity is 0.1%, which corresponds to the turbulence level measured in the test section during commissioning. The outlet at the end of the extension is set as an ambient pressure boundary condition.
All boundary layer control systems except for the basic scoop suction are introduced into the simulation as patches on the test section floor, with different prescribed boundary conditions. This layout can be seen in Fig. 3 , which also shows the part of the scoop geometry included in the domain.
The distributed boundary layer suction systems are modeled using the approach introduced by Cyr et al. [1] . This boundary condition can be seen as a slip-wall with a wallnormal velocity component representing the mass flow removed from the domain. At each iteration, the tangential velocity components are set to the corresponding values in the first cell center. The wall normal component is fixed to a uniform value analogous to the prescribed mass flow through the surface.
The moving belts are modeled as walls with a tangential velocity specified on the surface. Due to uncertainty of the properties of the tangential blowers in the physical wind tunnel, they are omitted in the simulations. This corresponds to turning them off in a physical test.
All mass extracted by the suction systems is reinjected into the tunnel using mass flow inlets located at the reinjection positions of the physical wind tunnel.
Design of experiments
Design of experiments is a branch of statistics that treats quantification and explanation of variation by systematic planning and execution of experiments. This work uses a design of experiments approach to quantify the effects of the boundary conditions on the longitudinal pressure distribution in the empty test section. Six parameters, namely inlet yaw angle, inlet pitch angle, scoop mass flow, first and second distributed suction mass flow, and belt speed, are varied. These parameters are chosen since they are expected to have an impact on the flow uniformity in the test section. The suction mass flow rates and the belt speed are allowed to vary within ±20% of their baseline value, and the inlet flow angles within ±1°, as shown in Table 1 . These variations are chosen in a range that is expected to give a measurable response, while still being reasonable with respect to the capacities of the of the corresponding systems in the physical tunnel. The baseline values for the three boundary layer suction systems are taken from the work of Wall [5] , and are basically a linear interpolation where the maximum capacity of each subsystem is scaled by the ratio between the desired test section wind speed and the maximum operating wind speed of the tunnel. Since quadratic effects and interactions from the studied parameters on the longitudinal pressure distribution are expected, a Box-Behnken design [8] is employed. This is a three level quadratic design that requires 61 runs for a study of six parameters.
Construction of the design matrix and subsequent estimation of the effects is performed using the Dakota framework [9] from Sandia Labs. The effects discussed in the remainder of the paper are the polynomial coefficients ci and cij in the fitted model
where x is the parameters, and c0 corresponds to the mean response over all runs. Before the fit of equation (1) to the simulation data, each parameter is scaled to the range [-1, 1] . This is done since the main interest of the study is to compare the relative changes of the parameters in relation to their baseline value. It shall be noted that this convention, together with the definition of the mass flows as negative values, leads to what is normally perceived as an increasing mass flow through one of the suction systems (i.e. an increased absolute value of the mass flow) is encoded as a decrease in the scaled parameter.
The factors are encoded with letters as shown in Table 1 , such as A for the linear term for the inlet yaw angle and CD for the interaction effect between scoop suction mass flow and first distributed suction mass flow.
Judgment of statistical significance of the estimated effects is based on Lenth's method for analysis of unreplicated factorials [10] . This method defines a Margin of Error (ME) and a Standard Margin of error (SME) in such way that an effect can be deemed active, i.e. significant, if its absolute value is larger than SME, and can be deemed inactive if it is smaller than ME. If an effect lies in between ME and SME, the method is inconclusive on whether the effect is active or not.
Data sampling
The coordinate system used is a right hand system, centered at the turntable midpoint, with positive x in the streamwise direction and positive z upwards from the floor, as indicated in Fig. 3 .
The longitudinal pressure distribution is sampled on the sampling line also shown in Fig. 3 . This line is located at the test section cross section center (y = 0 m, z = 2.05 m), ranging from x = -3.8 m to x = 7.5 m. In order to quantify the effect of each parameter on the pressure distribution, the line is divided into three zones -3.8 m ≤ x ≤ -0.5 m, -0.5 m ≤ x ≤ 3.5 m and 3.5 m ≤ x ≤ 7.5 m, on which the mean pressure gradient is computed from the sampled pressures. This mean value of the gradient in each zone is then used to estimate the effects by a least squares fit of the model in equation (1) . The zones are chosen during the analysis such that they represent regions with clear differences between the gradients. 
Conclusions
The purpose of this study has been to investigate the effects of inlet yaw angle, inlet pitch angle, basic suction scoop mass flow, first distributed suction mass flow, second distributed suction mass flow and belt speed on the longitudinal pressure distribution in the test section of the Volvo Cars aerodynamic wind tunnel using CFD. Based on the results presented, the following conclusions are drawn:
1. Within the ranges considered, the studied boundary conditions do not change the overall trend of the longitudinal pressure distribution in the empty tunnel, but can change the horizontal buoyancy experienced by a test vehicle mounted in the test section. 2. Of the parameters studied, mass flow rates through the basic and distributed suction systems show a statistically significant effect on the longitudinal pressure gradient in the empty test section. 3. The basic suction mass flow is the dominating parameter, especially when considering the regions downstream of the distributed suction zones. 4. It is estimated that the largest change in longitudinal pressure distribution between the tested settings results in a drag change of ∆CD ≤ 0.002 on a passenger car. This is within the test-to-test uncertainty of the physical wind tunnel and is thereby not deemed as a considerable change. This should be confirmed in future work using more advanced simulation methods.
